Abstract International thermonuclear experimental reactor (ITER) edge localized mode (ELM) coils are used to mitigate or suppress ELMs. The location of the coils in the vacuum vessel and behind the blankets exposes them to high radiation levels and high temperatures. The feeders provide the power and cooling water for ELM coils. They are located in the chimney ports and experience lower radiation and temperature levels. These coils and feeders work in a high magnetic field environment and are subjected to alternating electromagnetic force due to the interaction between high magnetic field and alternating current (AC) current in the coils. They are also subjected to thermal stresses due to thermal expansion. Using the ITER upper ELM coil and feeder as an example, mechanical analyses are performed to verify and optimize the updated design to enhance their structural performance. The results show that the conductor, jacket and bracket can meet the static, fatigue and crack threshold criteria. The optimization indicates that adding chamfers to the bracket can reduce the high stress of the bracket, and removing two rails can reduce the peak reaction force on the two rails arising from thermal expansion.
Introduction
In-vessel coils (IVCs) in ITER consists of 27 "picture frame" ELM coils and two toroidal ring vertical stabilization (VS) coils. The ELM coils are used to mitigate or suppress ELMs and the VS coils provide fast vertical stabilization of the plasma [1, 2] . The feeders are used to supply power and cooling water for the ELM coils. As shown in Fig. 1 , there are three 6-turn ELM coils mounted on the vacuum vessel (VV) in each of the nine sectors of the ITER, which are referred to as the upper, mid, and lower coils. The feeders extending from the coils, and out of the VV through ports, are located in the chimney areas. These ELM coils are close to the plasma and, therefore, are subjected to high levels of radiation and nuclear heating. The feeders have lower levels of radiation and lower levels of nuclear heating because they are farther away from the plasma. These coils and feeders operate in a high magnetic field environment where they are subjected to thermal stresses due to thermal expansion and alternating electromagnetic stresses arising from the interaction between high intensity magnetic field and AC current in the coil. Concerning thermal and EM loads, the upper ELM coil and feeder require three important analyses: electro-magnetic analysis, which provides Ohmic heating for hydraulic-thermal analysis and electromagnetic force for mechanical analysis; thermal-hydraulic analysis, which provides the temperature distribution for further mechanical analysis; and, mechanical analysis, which aids in the design of the upper ELM coil and feeder while quantifying the stresses for optimization to enhance the structural performance. 
Design description
The upper ELM coil and feeder include the conductor, insulation, jacket, joint, bracket, washer, bolt, and rail, as shown in Figs. 2 and 3 . The conductor, insulation and jacket can be called inconel jacketed mineral insulated conductors (IMIC). The IMIC is fabricated from a water-cooled copper-chromium-zirconium (CuCrZr) conductor with compacted magnesium oxide (MgO) ceramic powder insulation and an Inconel625 jacket. This arrangement provides a convenient way to remove both the nuclear heat deposited in the coil from the plasma and the Ohmic heat generated in the conductor. The parameters of the IMIC are given in Table 1 [ 3] . The coils are joined to the feeders during assembly. The feeders use the same IMIC as the coils. The IMIC is supported by brackets, which include the spine and clamp. The jacket, spine and clamp are brazed together and the spine and clamp are welded together. The clamp, washer and rail are connected by bolts. The rail is welded to the inner face of the VV. The materials of the components in the ELM coils are: conductor -CuCrZr; jacket/bracket -Inconel 625; washer/rail -SS316L; and bolt -Inconel 718. The conductors experience high electromagnetic forces due to the integration of their operating currents with high toroidal field (TF) and poloidal field (PF) background fields and the self-field from the neighboring conductors. The peak magnetic force is 360 kN/m in the poloidal region. This requires dense supports. Although the forces in the toroidal region are not as high as in the poloidal region, to minimize the fatigue stress and increase the crack stress intensity margin of the conductor, jacket and bracket, additional supports are proposed to share the EM loads.
Finite element model
The finite element model contains the conductor, insulation, jacket, bracket (including the spine and clamp), washer and rail, as shown in Fig. 4 . The joints are simplified to be consistent with the IMIC. The bolt hole, fillet, and weld parts are neglected. The finite element model is basically consistent with the CATIA model. Solid elements are employed to model all components for accurate results. The water is modeled by fluid elements, and the interface of water and conductor is modeled by surf element. General contact elements are used at the interface between bracket and jacket in the crossover region, which is between the in-vessel feeder and toroidal leg [4−6] . 
ELM and feeder loads
ELM and feeder loads include electromagnetic (EM) loads, thermal loads, gravity, water pressure and seismic load. EM loads are generated during normal and disruption scenarios. In the disruption scenarios, the induced current in the ELM coil is 15 kA, calculated conservatively, and the total current is 30 kA. The ELM coil can meet the static criteria under the disruption scenarios [7] . Since the ELM coil operates at 5 Hz, the design is concerned with fatigue and the high crack stress intensity margin of the components. In the following, EM loads are taken from normal operation. The seismic load is significantly smaller than the EM load under normal and disruption conditions, so it is not considered in this study. Thermal load includes the water cooling, Ohmic heat produced by the conductor, nuclear heat from the plasma, VV temperature and heat radiation from the surrounding components. The nuclear heat boundary is contained in Refs. [8] [9] [10] . Sixteen load cases (including the bakeout at 200
• C) have been considered in previous work [7] , and it has been found that the fault condition (i.e. no water cooling) should be avoided and that the worst thermal condition is only concerned with temperatures and nuclear heat. In the following, thermal loads include temperatures and nuclear heat.
Electromagnetic analysis
This section considers Ohmic heat and electromagnetic force on the conductor in the worst scenario, which is defined as the end-of-burn (EOB) time. In this scenario, the currents of center solenoid (CS) coils, PF coils, the plasma and upper ELM coil are considered. Through calculation, the electromagnetic forces distribution can be obtained as shown in Fig. 5 , and the Ohmic heat on the conductor is 340062 W. This provides thermal loads and EM loads for thermal-hydraulic analysis and mechanical analysis, respectively. • C and 8 m/s. The temperature distribution on the upper ELM coil and feeder is shown in Fig. 6 [11 −14] . 
Criteria
Our stress design criterion is in compliance with the ITER IVC design criteria [15] . For C18150 SS316L and Inconel625, the minimum ultimate tensile strength (S u ), the minimum yield strength (S y ), the design stress intensity limit (S m ) and the endurance limit (S e ) are given in Table 2 [16] . The endurance limit (S e ) is equated to (1/3−1/2)S u [17] . The allowable primary general membrane stress (P m ), allowable primary bending stress (P b ), allowable secondary stress (Q) and allowable fatigue stress (S f ) are listed in Table 3 for the three materials. The allowable fatigue stress (S f ) is 0.5 S e [15] . The ELM coils should be designed with their maximum equivalent stress levels being less than the crack threshold stress level. Therefore, fatigue crack growth analysis is required. Fig. 7 provides the allowable alternating stress as a function of the mean stress based on the threshold stress level [8, 16, 18] . 
Boundary conditions
This section analyzes the static stress, fatigue stress and the crack stress intensity margin. The mechanical boundary condition involves gravity from its mass, temperature from the thermal analysis, reference temperature, water pressure, VV enforced displacement due to VV's expansion, chimney port enforced displacements due to the port expansion, the displacement of the end of the feeder, and electromagnetic force. The acceleration of gravity is 9.8 m/s 2 . The thermal loading extracted from the hydraulic thermal analysis is applied in the mechanical model. The reference temperature is 20
• C. The water pressure is 1.74 MPa. VV enforced displacement and chimney port enforced displacements are applied on the bottom of the rail. The end of the feeder is allowed to expand in the axial and radial directions of the coil, with a local cylindrical coordinate system. The electromagnetic forces from the results of electromagnetic analysis are applied on the conductor. Three load cases are analyzed for checking the upper ELM coil and feeder design, as follows:
Case 1: EM forces (+) + Thermal load (Nuclear heat) + Water pressure + Gravity + VV and port enforced displacement + Displacement of the end of the feeder.
Case 2: EM forces (−) + Thermal load (Nuclear heat) + Water pressure + Gravity + VV and port enforced displacement + Displacement of the end of the feeder.
Case 3: Thermal load (Nuclear heat)+ VV and port enforced displacement + Displacement of the end of the feeder Case 1 and case 2 provide initial stresses to calculate equivalent alternating stresses for upper ELM coil, which has 1.5e8 total cycles. These stresses are derived from the following formulas:
where S mean is the mean stress of the model in cases 1 and 2, S alt is the alternative stress of the model in case 1 and 2, S int1 is the Tresca stress of the model in case 1, S int2 is the Tresca stress of the model in case 2, S u is the ultimate tensile strength of material [19] .
Results of stress
The main results are listed in Table 4 . The results show that the conductor, jacket and bracket can meet the static, fatigue and crack threshold criteria [20−22] . The negative value of the crack threshold stress margin means that the stress range is lower than the allowable stress range. As depicted in Fig. 8 , the peak stress occurs at the corner of the bracket on the ELM coil corner. In order to reduce the high stress of bracket, chamfers will be added in the optimization. 
Results of reaction force
The reaction forces on the boundaries are important because the rails are welded on the VV and chimney port. Fig. 9 shows the rail number and Fig. 10 shows that the reaction forces on rail numbers 21 and 71 in the X direction (the tangential direction of the coil corner in the two rails) in the local coordinate system. This produces shear forces on the VV surface that are higher than the others in the poloidal leg region, arising mainly from thermal expansion. In the local coordinate system, the X direction is parallel to the axial direction of the conductor or tangential to the R-bending conductor, and the Z direction is the normal direction of the VV inner wall or port and chimney wall. The high stress of the bracket also occurs near the two rails. These two rails will be removed in the optimization. Fig.9 The rail number Fig.10 The reaction forces on the rails in case 1 
Optimization
To reduce the high stress on the corner of bracket, chamfers are added. In order to lower the reaction forces due to the thermal expansion of the coil on the corner rails, number 21 and number 71 rails are removed. Through calculation, the stress assessment can be seen in Table 5 and the reaction forces on the rails are shown in Fig. 11 . The results indicate that chamfers should be added and the two rails can be removed since both of them have no obvious impact on the stress of all components and the reaction forces on the neighboring rails. In Tables 4 and 5 , we can find that removing the two rails reduces the maximum P m + P b +Q of brackets and does not change the maximum P m and P m + P b of all components produced by EM load. The shear forces due to thermal expansion from the two rails can be removed. Although the reaction forces on the neighboring rails increase a little due to EM load, all components can meet the criteria. Fig.11 The reaction forces on the rails in case 1 after removing two rails
Summary
The electromagnetic and thermal-hydraulic analyses were performed to provide EM loads and thermal loads for mechanical analysis. Mechanical analyses were performed to evaluate the static, fatigue and crack threshold stress. Our results show that the conductor, jacket and bracket can meet the static, fatigue and crack threshold criteria. Optimization indicates that adding chamfers to the bracket can reduce the stress of the bracket and removing the two rails can reduce the peak reaction force on the two rails, which will make the manufacture and assembly easier. Through these studies, an updated design is feasible, and adding a chamfer and removing the two rails can improve the structural performance of the upper ELM coils. Further efforts will focus on the bolt verification, joint and rail analysis.
